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Circadian disruption is associated with obesity,
implicating the central clock in body weight control.
Our comprehensive screen of wild-type and three
circadian mutant mouse models, with or without
chronic jet lag, shows that distinct genetic and phys-
iologic interventions differentially disrupt overall en-
ergy homeostasis and Leptin signaling. We found
that BMAL1/CLOCK generates circadian rhythm of
C/EBPa-mediated leptin transcription in adipose.
Per and Cry mutant mice show similar disruption of
peripheral clock and deregulation of leptin in fat,
but opposite body weight and composition pheno-
types that correlate with their distinct patterns of
POMC neuron deregulation in the arcuate nucleus.
Chronic jet lag is sufficient to disrupt the endogenous
adipose clock and also induce central Leptin resis-
tance in wild-type mice. Thus, coupling of the central
and peripheral clocks controls Leptin endocrine
feedback homeostasis. We propose that Leptin
resistance, a hallmark of obesity in humans, plays a
key role in circadian dysfunction-induced obesity
and metabolic syndromes.
INTRODUCTION
Obesity and being overweight are associated with severe co-
morbidities including type 2 diabetes mellitus, cardiovascular
diseases, and cancer (Calle et al., 2003; Grundy, 2004). Multiple
contributors to the obesity epidemic have been proposed, and a
combination of excessive food intake and sedentary lifestyle is
considered the main cause (Ng and Popkin, 2012). However,
existing diet and physical exercise programs fail to maintain
long-term weight loss (Sturm and Hattori, 2013), suggesting
that new insights into mechanisms controlling energy balance
are needed.
Energy homeostasis in mammals is maintained by the
interaction of peripheral signals with the CNS. One example
of such interactions is the endocrine feedback loop regulated
by Leptin, a potent appetite suppressant. This loop includes
three key basic components: white adipose tissue (WAT) that448 Cell Metabolism 22, 448–459, September 1, 2015 ª2015 Elsevieproduces Leptin, serum Leptin levels, and Leptin-responsive
neurons in various hypothalamic centers, especially the arcuate
nucleus (ARC). The basal level of serum Leptin is proportional
to body fat and rises following a meal or body weight gain.
The subsequent activation of Leptin-responsive neurons in
the ARC suppresses food intake and stimulates energy expen-
diture (Maffei et al., 1995; Spiegelman and Flier, 1996; Zhang
et al., 1994).
The direct targets of Leptin in the ARC are NPY/AgRP and
POMC neurons expressing the Leptin receptor LEPR-B. The
NPY/AgRP neurons release orexigenic neuropeptide Y (NPY)
and agouti-related peptide (AgRP). The POMC neurons secrete
a-melanocyte-stimulating hormone (a-MSH), a cleaved product
of pro-opiomelanocortin (POMC). a-MSH activates central mel-
anocortin signaling to reduce food intake and stimulate energy
expenditure, while AgRP is an antagonist of the melanocortin re-
ceptors (Cone, 2005; Williams and Schwartz, 2005). An increase
in plasma Leptin inhibits NPY/AgRP neurons but activates the
Janus kinase 2-Signal Transducer and Activator of Transcription
3 (JAK2-STAT3) signaling pathway in POMC neurons, leading
to STAT3-activated POMC transcription and the subsequent
a-MSH synthesis and secretion. A decrease in plasma Leptin
leads to activation of NPY/AgRP neurons but suppression of
POMC neurons, resulting in increased energy storage by stimu-
lating food intake and suppressing energy expenditure (Elmquist
and Scherer, 2012).
Mice lacking Leptin (ob/ob) or LEPR-B (db/db) develop severe
obesity and metabolic syndromes (Coleman, 1978). Exogenous
administration of Leptin decreases food intake and body weight
of ob/ob and diet-induced obese mice, but not db/db mice that
already have a high level of plasma Leptin (Campfield et al.,
1995; Halaas et al., 1995). Since most obese humans display a
similar reduced responsiveness to elevated levels of endoge-
nous Leptin and exogenous Leptin administration as db/db
mice, Leptin resistance is regarded as a key contributor to the
obesity epidemic (Flier, 2004).
Serum Leptin levels display diurnal variation in both humans
and rodents. Restriction of food access to the resting phase re-
verses serum Leptin circadian rhythm, while fasting abolishes
Leptin diurnal rhythm and decreases plasma Leptin below the
basal level (Ahima et al., 1996; Bodosi et al., 2004). Thus,
external food cues have been thought to be the main factor con-
trolling diurnal oscillation of Leptin signaling. However, recent
studies have shown that circadian disruption can abolish diurnal
oscillation of plasma Leptin in both humans and animal modelsr Inc.
without changes in external food cues (Kalsbeek et al., 2001;
Scheer et al., 2009; Shea et al., 2005; Simon et al., 1998).
Circadian rhythm in mammals is generated by a central clock
located in the hypothalamic suprachiasmatic nucleus (SCN) that
constantly synchronizes to external solar light cues and controls
subordinate clocks active in all peripheral tissues via circadian
output pathways. At themolecular level, both central and periph-
eral clocks are operated by feedback loops of circadian genes
driven by heterodimers of the bHLH-PAS transcription factors
CLOCK/BMAL1 or NPAS2/BMAL1, which induce the expression
of their own repressors Cryptochromes (Cry1 and 2) and Period
(Per1-3) via E box sequences in gene promoters. The rhythmic
interaction of the core circadian genes over a 24 hr period de-
fines the intrinsic circadian rhythmicity of the molecular clock
(Mohawk et al., 2012).
The clock interacts reciprocally with energy homeostasis at
multiple levels to couple physical activity, food intake, and en-
ergy expenditure with the external 24 hr solar day. In the CNS,
the rhythmic expression of circadian genes combined with direct
neuronal projections from the SCN is found in multiple hypotha-
lamic centers including ARC (Huang et al., 2011). In peripheral
tissues, the molecular clock not only regulates nutrient uptake,
metabolism, and energy storage by targeting genes controlling
the key steps of these processes, but also responds to changes
in food cues and nutrient sensors independent of the SCN clock
(Buijs et al., 2013; Challet, 2013; Eckel-Mahan and Sassone-
Corsi, 2013; Feng et al., 2011).
We report here that the circadian clock plays a critical role
in long-term homeostasis of the Leptin neuroendocrine feed-
back loop. In adipose, the BMAL1/CLOCK heterodimer directly
controls leptin expression by regulating the activity of CCAAT-
enhancer-binding protein alpha (C/EBPa), the most potent tran-
scriptional activator for leptin (Hollenberg et al., 1997; Hwang
et al., 1996). Such regulation is sufficient to drive diurnal oscilla-
tion of serum Leptin. In the CNS, the SCN clock rhythmically
potentiates the response of ARC neurons to circulating Leptin.
The coordinated activity of the central and peripheral clocks gen-
erates a coupled circadian rhythm in food intake, physical activ-
ity, plasma Leptin, LEPR-B-mediated STAT3-POMC signaling in
the ARC, and energy expenditure.
Ablation of Per or Cry genes in mice leads to opposite pheno-
types of energy expenditure, body weight, and body composi-
tion due to a differential disruption of Leptin-mediated central
melanocortin signaling, but not leptin expression in WAT. Dis-
rupting the SCN clock by chronic jet lag shifts energy balance
in both Per and Cry mutants, but not in Bmal1 null mice that
are insensitive to changes in environmental light cues (Bunger
et al., 2000). Thus, energy homeostasis is a clock-controlled dy-
namic physiological function in vivo. Importantly, we found that
chronically jet-lagged wild-type (WT) mice show a progressive
gain in body fat and weight, a dramatic increase in serum Leptin,
but dampened STAT3-POMC signaling in ARC neurons, and are
also resistant to exogenous Leptin-induced STAT3-POMC acti-
vation in the ARC. These deficiencies of jet-lagged WT mice are
coupled with a decreased and arrhythmic energy expenditure
profile independent of all previous identified obesity risk factors,
including gene mutations, diet choices, and amounts of daily
physical activity. Overall, genetic disruption of different core
clock components or chronic jet lag induces similar dysregula-Cell Metion of leptin in adipose, but distinct body weight outcomes
that correlate with ARC responses. We conclude that chronic
jet lag is sufficient to induce Leptin resistance in wild-type
mice. Thus, chronic circadian disruption that is endemic to mod-
ern societies may contribute to the obesity pandemic.
RESULTS
Distinct Disruptions of Circadian Dynamics
Differentially Affect Mouse Body Weight
A large number of studies have linked genetic or physiologic
circadian disruption to diverse obesity and metabolic disorders
in both rodents and humans (Bass and Takahashi, 2010; Evans
and Davidson, 2013; Foster et al., 2013; Zhang et al., 2013).
However, the circadian disruption experienced by human popu-
lations cannot be modeled by any individual circadian gene
mutant mouse model. To understand the role of the clock in
energy homeostasis under physiological conditions, we first
undertook a large-scale, integrated study comparing energy ho-
meostasis phenotypes of C57BL/6J inbred WT mice with mice
of the same strain lacking Bmal1 (Bmal1/), both Per1 and
2 (Per1/;Per2/), or both Cry1 and 2 (Cry1/;Cry2/) under
both entrained and chronic jet-lag conditions.
When maintained in 24 hr light/dark cycles (24 hr LD) and fed
with a standard mouse chow, both male and female Permutants
were significantly heavier, but Cry mutants displayed a dramati-
cally reduced body weight relative to WT controls until 35–
40 weeks of age, before the detection of other abnormalities
such as cancer (Fu et al., 2002; Lee et al., 2010), with changes
in body weight more evident in males than in females (Figures
1A and S1A). The average body weight of Bmal1/ mice was
similar toWT controls until 12 weeks of age inmale and 22weeks
in females and then steadily decreased (Figures 1A and S1A).
The age-dependent body weight phenotype of Bmal1/ mice,
also reported by others, was attributed to premature aging of
Bmal1/ mice (Bunger et al., 2005; Kondratov et al., 2006;
Lee et al., 2010; Shi et al., 2013). Per and Cry mutants also
showed changes in the ratios of gonadal fat to body weight pro-
portional to the changes in their body weight at all ages studied.
However, maleBmal1/mice showed a ratio of gonadal fat pad
to body weight similar to that of WT littermates until 20 weeks of
age, despite an early and significant decrease in body weight.
Bmal1/ and Per1/;Per2/ mice also had a significantly
higher total body fat composition thanWT controls in early adult-
hood (Figures 1A–1C and S1A–S1C). Surprisingly, although Cry
mutants of both sexes had a significantly reduced body weight
and gonadal fat pad, they displayed total fat composition similar
to that of 3- to 20-week-old WT controls (Figures 1B, 1C, S1B,
and S1C). Thus, Cry mutant mice are capable of compensating
insufficient energy storage in adipose by increasing fat accumu-
lation in other organs.
We then treated WT and mutant mice with chronic jet lag from
4 to 40 weeks of age, based on an 8 hr phase advance in light
onset at the beginning of each week (Monday) followed by an
8 hr phase delay in light onset in the middle of each week
(Thursday) (Figure S2A). Under jet-lag condition, WT mice still
maintained rhythmic wheel running activities coupled with envi-
ronmental light cues, but Per and Cry mutants showed a signifi-
cant increase in wheel running activity in the resting phasetabolism 22, 448–459, September 1, 2015 ª2015 Elsevier Inc. 449
Figure 1. Circadian Disruption Abolishes Body Weight Balance in Mice
(A) Body weights of male mice kept in 24 hr LD cycles and fed with regular chow (Ctrl) from 4 to 40 weeks of age (p1: WT versusCrymutants from 3 to 40 weeks of
age, p2: WT versus Per mutants from 15 to 35 weeks of age, and p3: WT versus Bmal1/ mice from 12 to 40 weeks of age).
(B) Ratios of gonadal fat mass versus body weight (BW) of control male mice at 7 and 20 weeks of age (±SEM).
(C) Total fat composition of control male mice from 4 to 40 weeks of age (±SEM).
(D) Body weight of chronically jet-lagged (CJ) male mice from 4 to 40 weeks of age (p1: WT versus Cry mutants from 3 to 40 weeks of age, p2: WT versus Per
mutants between 15 and 40 weeks of age, and p3: WT versus Bmal1/ mice from 12 to 40 weeks of age).
(E) Fat (left) and lean body mass (LBM) (right) compositions of male jet-lagged mice from 4 to 40 weeks of age (±SEM).
(F) Fat composition in control and jet-lagged female (F) and male (M) mice from 4 to 40 weeks of age (±SEM).
*Compare to control WT mice at the same age. #Compare to control mice of the same genotype at the same age. */#p < 0.05, **/##p < 0.01, and ***/###p < 0.001.
See also Figures S1 and S2.(Figure S2B). Jet lag significantly changed body weight of WT
and Per mutant mice as well as body composition of all mouse
models studied, except Bmal1/ mice that are insensitive to
chronic disruption of light cues. The changes in energy homeo-
stasis were similar among males and females but more evident
in males in WT, Per, and Cry mutant mice. Importantly, jet lag
significantly increased body weight and fat composition in WT
mice (Figures 1D–1F, S1D, S1E, and S2C).
Circadian Dynamics of Energy Expenditure Controls
Energy Balance In Vivo
We next studied energy balance of mice using a Comprehensive
Lab Animal Monitoring System (CLAMS). Equal numbers of
control and jet-lagged male WT, Per, and Cry mutant mice at
16–18weeks of agewere analyzed for 3 consecutive 24 hr LD cy-
cles at the same time. Loading mice on CLAMS caused a brief
disruption of behavioral rhythm on the first day of analysis. How-450 Cell Metabolism 22, 448–459, September 1, 2015 ª2015 Elsevieever, control and jet-lagged WT mice had similar total daily food
intake and physical activity aswell as respiration exchanging rate
(RER) that all displayed robust circadian rhythms coupled to the
external light cues throughout 3 days of experiments, although
these rhythms were slightly, but significantly, dampened in jet-
lagged WT mice (Figures 2A–2F and S3). Per and Cry mutants
ate the same amount of food as WT controls daily but display
dampened or arrhythmic profiles of food intake. The obesity-
prone phenotypes of Per mutants in steady 24 hr LD cycles
were coupled to their significantly lower levels of physical activity
and RER, whereas the decrease in bodyweight and fat composi-
tion of these mice under jet-lag condition was associated with a
dramatically increased physical activity and RER in the light
phase. The body weight phenotypes of Cry mutants under both
entrained and jet-lagged conditions could only be explained by
their abnormally high RER profiles, but not low physical activity
or normal amount of daily food intake (Figures 2A–2F and S3).r Inc.
Figure 2. Circadian Dysfunction Disrupts Energy Homeostasis
(A and B) The average of total daily food intake (FI) (A) or FI in light (L) or dark (D) phase (B) of control and jet-lagged WT, Cry1/;Cry2/, and Per1/;Per2/
mice on days 2 and 3 of CLAMS study (±SEM).
(C and D) The average of total daily activity (C) or activity in light or dark phase (D) to dark phase of control and jet-lagged mice on days 2 and 3 of CLAMS
study (±SEM).
(E and F) Average daily respiration exchanging rates (RER) (E) and RER in light or dark phase (F) in control and jet-lagged mice on days 2 and 3 of CLAMS
study (±SEM).
(G and H) The circadian profiles of oxygen consumption (VO2) (G) and carbon dioxide production (VCO2) (H) in control and jet-lagged mice over 3 days of CLAMS
analysis.
(I and J) Average rates of VO2 (I) and VCO2 (J) produced by control and jet-lagged mice in light and dark phases on days 2 and 3 of CLAMS study (±SEM).
*Compare to control WTmice under the same light/dark condition. #Compare to control mice of the same genotype. */#p < 0.05, **/##p < 0.01, and ***/###p < 0.001.
See also Figures S3 and S4.Under entrained conditions, WT mice displayed a robust
circadian rhythm of oxygen consumption (VO2) and carbon diox-
ide production (VCO2), which was coupled with their daily food
intake and physical activity. Per mutants showed a flat and low
energy expenditure profile over a 24 hr period due to lack of
the peak of VO2 and VCO2 in the active phase. Cry mutants dis-
played dramatically elevated VO2 and VCO2 levels especially in
the resting phase (Figures 2G–2J). Chronic jet lag significantly
changed the rate of energy expenditure in WT mice and Per
mutants, but not Cry mutants. The 24 hr VO2 and VCO2 profiles
in jet-lagged WT mice resembled those found in control Permu-
tants, which, in jet-lagged Permutants, became similar to that of
control Cry mutants (Figures 2G–2J and S4).
Overall, the distinct body weight phenotypes of WT, Per, and
Cry mutant mice under entrained and jet-lagged conditions
can be explained by their unique energy expenditure profiles
and the shifts of these profiles in response to the disruption ofCell Meenvironmental light cues, but not the amount of daily food intake
or physical activity (Figures 1, 2, and S1–S4). Thus, distinct ge-
netic and physiologic disruptions of circadian homeostasis can
have quite different impacts on energy homeostasis.
The Endogenous Circadian Clock Drives the Circadian
Rhythm of Plasma Leptin
The loss of energy homeostasis in jet-lagged WT mice suggests
that circadian homeostasis of neuroendocrine function is essen-
tial for long-term energy balance. To explore this, we focused on
the best-characterized neuroendocrine pathway for body weight
control: the Leptin-mediated central melanocortin signaling. In
accord with prior studies (Ahima et al., 1996; Bodosi et al.,
2004), we found that plasma Leptin displays a robust circadian
rhythm coupled with the diurnal profiles of food intake, physical
activity, and energy expenditure in control WT mice. Ablation of
both Per or Cry genes abolished diurnal oscillation of plasmatabolism 22, 448–459, September 1, 2015 ª2015 Elsevier Inc. 451
Figure 3. Circadian Control of leptin Expression in Adipose and Serum
(A–D) Serum levels of Leptin in WT, Cry1/;Cry2/, and Per1/;Per2/mice in 24 hr LD cycles (A), in WT and Per1/;Per2/mice in 24 hr DD cycles (B) and
during 22 hr fasting (C), and in acutely jet-lagged (AJ) WT mice and chronically jet-lagged WT, Cry1/;Cry2/, and Per1/;Per2/ mice (D) (±SEM).
(E and F) The leptinmRNA (E) and protein (F) expression follow a robust circadian rhythm in both LD (top) and DD (bottom) cycles in WAT of control WT mice, but
not in WAT from Per mutants or jet-lagged WT mice.
(G and H) Northern blots show disruption of adipose clock and circadian expression of leptin mRNA in Per (G) and Cry mutant (H) mice.
(I) A summary of three independent northern blots on leptin mRNA expression in mouse WAT in 24 hr LD cycles (±SEM).
(J) Western blotting on PER2, BMAL1, CRY1, Leptin (LEP), and b-Actin (b-ACT) in WAT of control and jet-lagged WT (left) and Cry mutants (right).
(K) A summary of three independent western blots on Leptin expression in mouse WAT in 24 hr LD cycles (±SEM).
(L and M) Western blotting shows lack of BMAL1 expression in nuclear extracts (L) and dampened and arrhythmic Leptin expression (M) in WAT of Ap2Cre;
Bmal1fl/flmice. ZT, zeitgeber time, with light on at ZT0 and off at ZT12; CT, circadian time, with CT0 as the beginning of a subjective day andCT12 as the beginning
of a subjective night.
*Compare to control WT samples at the same time or jet-laggedWT samples in (D). #Compare toWT at ZT2. */#p < 0.05, **/##p < 0.01, and ***/###p < 0.001. See also
Figure S5.Leptin, although Permutants still maintained a dampened circa-
dian rhythm of food intake and physical activity. The basal serum
level of Leptin in Per andCrymutants correlated with the ratios of
their fat mass versus body weights, but not energy expenditure
profiles (Figures 1B, 2, 3A, and S3–S5). The circadian rhythm
of plasma Leptin was maintained in WT mice in constant dark-
ness (24 hr DD cycles) (Figure 3B). Fasting reduced plasma Lep-452 Cell Metabolism 22, 448–459, September 1, 2015 ª2015 Elsevietin below the basal level in the active phase in WT, but not Per
mutant mice (Figure 3C). Strikingly, acute jet lag prevented the
rise of plasma Leptin in the active phase in WT mice, despite
the fact that these mice maintained a robust circadian rhythm
in food intake and physical activity. Chronic jet lag resulted in a
high and arrhythmic serum level of Leptin over a 24 hr period in
WT mice, which correlated with a significant increase in fatr Inc.
Figure 4. The Heterodimer Controls leptin
Promoter Activity In Vitro
(A) Circadian heterodimers marginally stimulate a
leptin promoter-driven luciferase (lep2762-Luc)
reporter at a low concentration but inhibit the
reporter activity at higher concentrations inde-
pendent of CRY1. Numbers indicate the amounts
of reporter and expression vector DNA (ng) used
in each transfection (±SEM; *stimulation, #sup-
pression).
(B) The C/EBPa binding sites (green) overlap with
consensus E boxes (red boxes) in both human and
mouse leptin promoters.
(C) The strategy for generating mutant leptin pro-
moter-driven luciferase reporters with mutated
bases shown in blue.
(D) The heterodimer potentiates C/EBPa-mediated
lep450-Luc reporter activation at a low concentra-
tion but inhibits C/EBPa activity at higher con-
centrations. Mutation of E1 and E2 abolishes the
inhibitory effect of heterodimer. Mutation of E3
abolishes the stimulatory effect of heterodimer
(±SEM; *stimulation, #suppression by the hetero-
dimers).
*/#p < 0.05, **/##p < 0.01, and ***p < 0.001. See also
Figures S6A–S6D.gain, but not their diurnal profiles of food intake, physical activity,
and energy expenditure (Figures 1D–1F, 2, 3D, S2C, and S3–S5).
Jet lag decreased basal serum Leptin levels in both Per and Cry
mutants, which correlated with a decrease in their fat mass, but
not changes in energy expenditure profiles (Figures 1F, 2, and
S3–S5). Together, these findings strongly suggest that the circa-
dian clock controls the diurnal oscillation of plasma Leptin inde-
pendent of external food cues.
The Peripheral Clock Directly Regulates leptin
Transcription in Adipose
We then studied whether the clock controls leptin expression
in adipose to drive serum Leptin levels. We found that leptin
mRNA and protein expression followed a robust circadian
rhythm in both 24 hr LD and DD cycles in WAT of WT mice
(Figures 3E and 3F), which peaked at mid-active phase and
coupled with the diurnal profiles of food intake, activity, energy
expenditure, and plasma Leptin (Figures 2 and 3A). Jet-lagged
WT mice, Per and Cry mutants, and adipose-specific Bmal1
knockouts (Ap2cre;Bmal1fl/fl) showed a similar disruption of
the endogenous adipose clock and circadian expression of
leptin mRNA and/or protein (Figures 3E–3M), despite their
unique phenotypes of food intake, body weight, fat composi-
tion, and energy expenditure and activity profiles (Figures 1
and 2) (Paschos et al., 2012). Thus, the endogenous clock,
rather than external food cues, drives circadian leptin expres-
sion in adipose.
The leptin promoter contains multiple consensus E boxes
that are potential targets of BMAL1/CLOCK heterodimers. As
expected, a luciferase reporter driven by the mouse Per1
promoter (Per1-Luc) showed dose-dependent transactivation
by the circadian heterodimers in co-transfection assays,
which was suppressed by CRY1 (Figure 4A). In contrast, a
reporter driven by a 2.7 kb mouse leptin promoter containing
18 consensus E boxes (lep2762-Luc) only showed a marginalCell Meresponse to a low level of heterodimers, which was sup-
pressed by increasing levels of heterodimers. CRY1 had little
effect on the inhibitory effect of higher doses of heterodimers
on the lep2762-Luc reporter (Figure 4A). The dual role of heter-
odimers on lep-Luc reporter activity was affected by the length
of leptin promoter: the lep2762-Luc reporter was most sensitive
to the stimulatory effect of the heterodimer at a low concentra-
tion, while the lep450-Luc reporter containing 0.45 kb of the
minimal leptin promoter and 3 consensus E boxes was most
efficiently inhibited by a high expression level of the hetero-
dimer (Figures S6A and S6B).
Further analysis revealed an overlap of the two proximal
E boxes with a C/EBPa binding site immediately upstream of
the TATA box in the mouse leptin promoter. One of the E boxes
is conserved in mouse and human (Figure 4B). C/EBPa is known
as the most potent transcriptional activator of leptin (Figure S6C)
(Hollenberg et al., 1997; Hwang et al., 1996). In addition,
although BMAL1/CLOCK and BMAL1/NPAS2 had the exact
same effect on the lep2762-Luc reporter activity in co-transfection
assays, NPAS2 is not expressed in adipose, and a direct interac-
tion of the heterodimer with C/EBPa is not detected (Figure S6D
and data not shown). Thus, we hypothesized that the hetero-
dimer is not a leptin-specific transcriptional regulator. However,
it may stimulate C/EBPa-mediated leptin transcription when
binding to remote E boxes, possibly by affecting chromatin
structures (Menet et al., 2014), but suppress C/EBPa function in-
dependent of CRY when competing with C/EBPa to bind at
the proximal E boxes. To test this, we inactivated both prox-
imal E boxes (E1 and 2; lep450-LucE1,2) or the upstream E3 site
(lep450-LucE3) without affecting the C/EBPa site in the leptin
promoter (Figure 4C). The C/EBPa-mediated activation of the
wild-type lep450-Luc reporter was stimulated by a low level of
the heterodimers, but this was not observed with lep450-LucE3.
Higher doses of the heterodimer strongly suppressed C/EBPa
transactivation of the lep450-Luc and lep450-LucE3 reporters, astabolism 22, 448–459, September 1, 2015 ª2015 Elsevier Inc. 453
Figure 5. Leptin Is a Clock-Controlled Gene In Vivo
(A and B) The levels of c/ebpamRNA and protein inWAT of control WT and Per1/;Per2/mice. Top: representative northern (A) and western (B) blots. Bottom:
summaries of three independent northern (A) and western (B) blots (±SEM).
(C) Representative western blots show the success of immunoprecipitation of BMAL1 and C/EBPa fromWAT nuclear extracts of control and jet-laggedWTmice
at ZT2, 10, and 18 in ChIP assays.
(D) The positions of qPCR primers on the leptin promoter used in ChIP.
(E) BMAL1/IgG ChIP signals on Per1 and leptin promoters in WAT of control and jet-lagged WT mice (±SEM).
(F) C/EBPa/IgG ChIP signals on leptin and dhfr promoters inWAT of control and jet-laggedWTmice and Ap2Cre;Bmal1fl/flmice (±SEM). Primers interacting with a
UTR in mouse genome that does not contain an E box or a C/EBPa binding site were also used as negative controls in qPCR, which did not detect any BMAL1
or C/EBPa ChIP signals (see Supplemental Information).
*Compare to control WT at the same time. #Compare to control WT at ZT2. */#p < 0.05, **/##p < 0.01, and ***/###p < 0.001. See also Figures S6E and S6F.predicted, but this inhibitory effect was completely absent with
the lep450-LucE1,2 reporter (Figure 4D).
The levels of c/ebpa mRNA and protein did not display clear
circadian oscillation (Figures 5A and 5B). However, the binding
of BMAL1/CLOCK heterodimer to its target genes varies robustly
over a circadian cycle and peaks in mid-sleeping phase (Koike
et al., 2012), suggesting a rhythmic competition of the hetero-
dimer with C/EBPa for binding the proximal leptin promoter
in vivo. We tested this hypothesis by chromatin immunoprecipi-
tation (ChIP) after validating BMAL1- and C/EBPa-specific anti-
bodies (Figures 5C, S6E, and S6F) using primers flanking the E1,
E2, and C/EBPa-binding site, or the upstream E7 and E8, in the
leptin promoter and nuclear extracts from WAT of control and
jet-lagged WT mice and Ap2cre;Bmal1fl/fl mice at ZT2, 10, and
18 (Figures 3L, 5C, and 5D). We confirmed that BMAL1 directly
binds to both regions of the leptin promoter following a circadian
rhythm similar to that of its binding to the Per1 promoter, which
peaked at ZT10 and was lowest at ZT18, with a higher affinity to
E box 1-2 than E box 7-8 at ZT10 and a lower affinity to E box 1-2
than E box 7-8 at ZT2 on leptin promoter. Chronic jet lag abol-
ished the circadian rhythm of BMAL1 binding to leptin and
Per1 promoters (Figure 5E).
The binding of C/EBPa to the leptin and control dhfr promoters
peaked at ZT2 and was low at ZT10 and ZT18 inWAT ofWT con-
trol mice. The rhythmic binding of C/EBPa to these two pro-
moters was completely abolished in WAT of jet-lagged WT and
Ap2cre;Bmal1fl/fl mice (Figure 5F). Overall, BMAL1 and C/EBPa454 Cell Metabolism 22, 448–459, September 1, 2015 ª2015 Elsevieshowed the expected reciprocal occupancy on the proximal
leptin promoter during the sleeping phase (ZT2 and ZT10) but
reached the nadir for both in the active phase (ZT18). Together
with the functional promoter analysis, our ChIP results suggest
that BMAL1/CLOCK stimulates C/EBPa-mediated leptin tran-
scription at the early sleeping phase but suppresses C/EBPa
transactivation function at the late sleeping phase, following
the same rhythm observed with Per and Cry genes (Figures 4
and 5) (Koike et al., 2012). This results in a similar circadian
expression profile for leptin, Per, and Cry mRNAs, with peaks
in the active phase (Figure 3G).
The SCN Clock Rhythmically Potentiates
Leptin-Mediated Central Melanocortin Signaling
The results presented in Figures 3, 4, and 5 demonstrate a direct
control of leptin expression by the peripheral clock but cannot
account for the distinct body weight phenotypes of the different
circadian mutants as they all lacked the adipose clock in WAT
(Figures 3G–3M). We therefore studied the circadian control of
Leptin-mediated central melanocortin signaling. We found that
STAT3 phosphorylation (pSTAT3) in POMC neurons, which is a
direct consequence of LEPR-B-mediated JAK2 signaling and
is required for LEPR-B-controlled POMC activation (Bates
et al., 2003), peaked at ZT2. This follows the peak of serum Lep-
tin at ZT18 but precedes the peak of POMC expression at ZT10
in the ARC of control WTmice. Both pSTAT3 and POMC expres-
sionwere arrhythmic and dampened in the ARC of obesity-proner Inc.
Figure 6. Disruption of Circadian Homeostasis Induces Leptin Resistance in WT Mice
(A) A summary of pSTAT3 signals detected by immunohistochemistry (IHC) (left) and POMC signal detected by in situ (right) in ARC of control WT,
Cry1/;Cry2/, and Per1/;Per2/ mice and jet-lagged WT mice, with signals detected in the ARC of control WT mice at ZT2 as arbitrary unit 1 (±SEM).
(B) Representative POMC in situ images in ARC of mice described in (A).
(C and D) Changes in body weight (C) and food intake (D) of control WT and Per1/;Per2/ mice and jet-lagged WT mice over a 24 hr period in response to a
single intraperitoneal injection of recombinant mouse Leptin (±SEM).
(E) The serum levels of Leptin at 5 and 14 hr after a single injection of exogenous Leptin in control and jet-lagged WT mice (±SEM).
(F) A summary of pSTAT3 (left) and POMC (right) signals in the ARC of control and jet-lagged WT mice at 5 and 14 hr after a single administration of exogenous
Leptin, with signals detected in the ARC of saline injected control WT mice at 5 hr after the injection as arbitrary unit 1 (±SEM).
(G) Representative pSTAT3 IHC (left) and POMC in situ (right) images in the ARC of WT control and jet-lagged mice after a single administration of exogenous
Leptin.
*Compare to control WT samples at the same time in (A) and (B) or control WT mice injected with saline in (C)–(F). #Compare to WT samples at ZT2 in (A) and (B).
*p < 0.05, **p < 0.01, and ***/###p < 0.001. See also Figure S7.Per mutant and jet-lagged WT mice that display high serum
levels of Leptin. In contrast, the lean Cry mutants showed a
high constitutive level of pSTAT3-POMC signaling in ARC
despite their low plasma Leptin throughout the 24 hr period (Fig-
ures 3A, 3D, 6A, 6B, S5, and S7A). Thus, the differential disrup-
tion of Leptin-mediated central melanocortin signaling drives the
body weight and composition phenotypes of all mouse models
studied.
To further study the role of the circadian clock in controlling
the central melanocortin signaling, we intraperitoneally injected
recombinant mouse Leptin into WT control and jet-lagged
mice as well as Per mutants. A single exogenous Leptin admin-
istration significantly reduced body weight and food intake of
control WT mice over a 24 hr period but had no effect on
food intake of Per1/;Per2/ or jet-lagged WT mice (FiguresCell Me6C and 6D). Per1/;Per2/ and jet-lagged WT mice showed
the same body weight reduction in 24 hr in response to Leptin
or saline injection (Figure 6C), suggesting that body weight
decrease in these mice was caused by their reduced ability
to cope with the stress of injection, but not the action of exog-
enous Leptin.
To explore the mechanism of these differential responses, we
studied STAT3-POMC signaling in the ARC of WT control and
jet-lagged mice at 5 or 14 hr after Leptin injection. Although
jet-laggedWTmice displayed a significantly higher serum Leptin
than control WT mice after exogenous Leptin administration,
they failed to show the activation of STAT3-POMC pathway at
all times studied (Figures 6E–6G and S7B). We conclude that
chronic circadian disruption induces Leptin resistance in the
CNS of WT mice.tabolism 22, 448–459, September 1, 2015 ª2015 Elsevier Inc. 455
DISCUSSION
Virtually all key metabolic pathways in peripheral tissues display
a robust circadian rhythm in vivo. Whole-body circadian gene
knockout mouse models show deregulation of these pathways
and also distinct energy homeostasis phenotypes (Bass and
Takahashi, 2010). However, tissue-specific ablation of Bmal1
in metabolic tissues such as adipose, liver, skeletal muscle, or
pancreas, which locally inactivates the peripheral clock, does
not abolish energy homeostasis at the organismal level, despite
the deregulation of key metabolic pathways in tissues affected,
such as loss of liver glucose homeostasis, hypo- or hyperglyce-
mia, impaired glucose tolerance and insulin secretion, and
elevated oxidative stress, etc. (Lamia et al., 2008; Lee et al.,
2013; Marcheva et al., 2010; Paschos et al., 2012; Shimba
et al., 2011).
Our extensive characterization of the impact of circadian
disruption via genetic and jet-lag strategies in matched cohorts
of mice reveals several important discoveries. First, WT,
Bmal1/, Cry1/;Cry2/, and Per1/;Per2/ mice display
distinct phenotypes of energy homeostasis under both entrained
and jet-lagged conditions, which are similar between male and
females in each model. Second, energy homeostasis changes
in response to disruption of environmental light cues in all mouse
models, except for Bmal1/ mice that lack a functional central
clock. Third, jet-lag-induced changes in energy homeostasis
are independent of food intake or physical activity but coupled
with the changes in energy expenditure. Finally, jet-lag-induced
change in energy expenditure is sufficient to account for
increased body weight and fat gain in WT mice.
Further studies led us to define the role of dysfunction of Leptin
neuroendocrine loop in circadian disruption-induced obesity
risk. We found that the expression of leptin is directly regulated
by the molecular clock in adipose, independent of food cues.
However, the peripheral deregulation of leptin in Per and Cry
mutants cannot account for their opposite body weight pheno-
types (Figures 1, 3, 4, 5, S1, S2, and S6). We also found that the
energy homeostasis phenotypes of all mouse models studied
docorrelatewith dysregulation ofPOMCneurons in thehypothal-
amus (Figures 1, 2, 6, S1–S4, and S7A). Perhaps most impor-
tantly, we showed that chronic jet lag is sufficient to induce Leptin
resistance in WT mice. Their decreased energy expenditure in
active phase and complete lack of a feeding response to exoge-
nous Leptin is associated with loss of STAT3 activation in ARC
(Figures 6 and S7B). Together, these results demonstrate that
normal control of bodyweight requires the coordinated functions
of the central and peripheral clocks and is dynamic in response to
changes in both external and internal cues.
The circadian clock controls key components of the Leptin
feedback loop to maintain the homeostasis of energy balance.
In WAT, the rhythmic binding of the BMAL1/CLOCK hetero-
dimer to leptin promoter potentiates C/EBPa-mediated leptin
transcription in early sleeping phase but suppresses C/EBPa
function at late sleeping phase. This is followed by the peak of
leptinmRNA and protein accumulation in mid-active phase (Fig-
ures 3, 4, and 5). Jet-lagged WT mice, Per and Crymutants, and
adipose-specific Bmal1 knockouts all show a similar disruption
of the fat clock and inhibition of BMAL1 expression, which is
correlated with the suppression of leptin expression in adipose456 Cell Metabolism 22, 448–459, September 1, 2015 ª2015 Elsevieregardless of their distinct food intake profiles (Figures 2, 3, 4,
and 5). The rhythmic expression of leptin driven by the fat clock
inWAT is sufficient to drive the circadian rhythm of serum Leptin.
Only WT control mice display a coupled circadian rhythm of
plasma Leptin and food intake. Per andCrymutants and chronic
jet-lagged WT mice show a similar arrhythmic profile of serum
Leptin with a basal level proportional to their fat mass, but not
food intake activity (Figures 1, 2, and 3).
In WT mice, the peaks of plasma Leptin, the activation of
STAT3 and POMC in ARC, and the rate of energy expenditure
are at ZT18, ZT2, ZT10, and ZT18, respectively. This sequential
activation of the key components of Leptin feedback loop is
completely abolished in jet-laggedWTmice andPer andCrymu-
tants. However, Per mutants show dampened STAT3-POMC
signaling in the ARC despite a high level of serum Leptin, while
Cry mutants show constitutive activation of STAT3-POMC
signaling in ARC independent of circulating Leptin. The differen-
tial disruption of STAT3-POMC signaling in ARC correlates well
with the distinct body weight, fat mass, and energy expenditure
phenotypes of Per and Cry mutants (Figures 1, 2, 3, 6, S1–S4,
and S7A). Together with the finding that adipose-specific abla-
tion of Bmal1 does not significantly change energy balance in
mice when kept in 24 hr LD cycles and fed with regular chow (Pa-
schos et al., 2012), our studies suggest that although the adipose
clock drives diurnal oscillation of serum Leptin, the circadian
potentiation of Leptin-responsive neurons in the CNS to circu-
lating Leptin plays a dominant role in the homeostasis of Leptin
endocrine feedback loop.
The basis for the strikingly different effects of loss of Per or
Cry on the CNS remains to be established. These two genes
may play different roles in controlling LEPR-B-STAT3-POMC
signaling in ARC, as both PER and CRY have been shown to
directly interact with various transcriptional factors in peripheral
tissues (Zhao et al., 2014). Alternatively, differential uncoupling of
individual SCN oscillators in Per and Cry mutants may differ-
entially deregulate the LEPR-B-STAT3-POMC pathway in ARC
by affecting SCN efferent connections in the hypothalamus
(Mohawk et al., 2012; Moore, 2013). Importantly, chronically
jet-lagged WT mice, like Per mutants, show arrhythmic and
dampened LEPR-B-STAT3-POMC signaling in ARC in the pres-
ence of high levels of plasma Leptin and are resistant to exoge-
nous Leptin suppression of food intake (Figures 3D, 6, S5, and
S7). Thus, chronic disruption of circadian homeostasis induces
Leptin resistance independent of other known risk factors,
including gene mutations, diet choices, excess food intake,
and sedentary lifestyles.
Based on our findings, we conclude that the circadian homeo-
stasis of Leptin-mediated neuroendocrine feedback loop is a key
mechanism for the clock to control long-term energy balance at
the organismal level. In the adipose, BMAL1/CLOCK directly
controls circadian leptin transcription that drives the rhythm of
serum Leptin. In the CNS, the SCN clock potentiates the
response of LEPR-B-expressing ARC neurons to circulating
Leptin to maintain the balance of food intake and energy expen-
diture. Under normal physiological conditions, the activities of
central and peripheral clock are coupled with environmental
cues. Acute circadian disruption abolishes peripheral clock-
controlled leptin expression in adipose to suppress plasma Lep-
tin levels, leading to a shift in energy balance and weight gain.r Inc.
Figure 7. A Model of Circadian Control of Leptin Neuroendocrine
Feedback Loop
The circadian homeostasis of Leptin endocrine feedback loop controls long-
term energy balance at the organismal level as explained in the discussion.Increased fat mass elevates circulating Leptin. However, chronic
circadian dysfunction desensitizes the LEPR-B-expressing ARC
neurons to increased Leptin signaling, resulting in Leptin resis-
tance, a hallmark of obesity in humans (Figure 7).
EXPERIMENTAL PROCEDURES
Animal Maintenance
All animal experiments were approved by the Institutional Animal Care andUse
Committee at Baylor College of Medicine. Detailed experimental procedures
for mouse maintenance, tissue and serum sample isolation, and body weight,
composition, and energy homeostasis analyses are described in Supple-
mental Experimental Procedures.
ELISA
Serum was collected as described in Supplemental Experimental Proce-
dures. Plasma Leptin levels were determined by a Mouse Leptin ELISA kit
(BioVendor).
RNA Analysis
Northern blotting followed standard procedure using p32-labeled cDNA
probes forBmal1,Clock, Per1, Per2,Cry1,Naps2, and 18 s rRNA as described
previously (Fu et al., 2005). The leptin cDNA probe was from a mouse leptin
coding sequence (Genebank: NM_008493.3, nucleotides +60 to +560).
Signals detected were quantified using a Molecular Dynamics Storm 860
PhosphorImager/Fluorima.
Plasmid Construction
A 2,762 bp mouse leptin promoter was cloned by screening a mouse lambda
genomic library (Stratagene) using a p32-labeled probe containing the 30 end of
leptin promoter (10 to 365) obtained by PCR amplification of C57BL/6J
mouse genomic DNA using a forward primer 50 ggaaaaagcagctggcag 30 and
a reverse primer 50 gctccatgcctgcccctc 30 and inserted between the Hind III
and KpnI sites in the pGL-3 vector. The resulting reporter was named
lep2762-Luc. Further deletion and relegation of the lep2762-Luc generated
lep1545- and lep450-Luc reporters containing a 1,545 and 450 bp leptin pro-
moter upstream of the luciferase cDNA in the pGL-3 vector, respectively.
Site-Direct Mutagenesis
Mutant leptin report plasmids were generated using the Lep450-Luc plasmid as
a template, a site-direct mutagenesis kit (Invitrogen), and primers 50
ctggccggacggttgcgcaagtagcactggggc 30 (forward) and 50 gccccagtgctacCell Mettgcgcaaccgtccggccag 30 (reverse) for the lep450-LucE1,2 vector and 50
cggaaaaagctgctggcagagtcctggc 30 (forward) and 50 gccaggactctgccagc
agctttttccg 30 (reverse) for the lep450-LucE3 vector, respectively.
Cell Culture and Reporter Assays
COS-7 cells were maintained in DMEM supplemented with 10% FBS and
grown at 37Cwith 5%CO2. Co-transfections were performed using Lipofect-
amine 2000 (Invitrogen) following the standard protocol and the same amounts
of reporter and b-gal expression vectors, variable amounts of expression
vectors, and an empty pcDNA3 vector to normalize the total amount DNA.
Cell extracts were prepared 48 hr after transfection and used for luciferase
assay, with b-gal co-transfection serving as an internal control (Fu et al., 2005).
Chromatin Immunoprecipitation
Nuclear extracts prepared fromWAT of mice at ZT2, 10, and 18 and antibodies
recognizing BMAL1 and C/EBPa were used for immunoprecipitation. qPCRs
were performed to detect BMAL1 and C/EBPa ChIP signals on the leptin,
Per1, and dhfr promoters. Detailed procedure is described in the Supple-
mental Experimental Procedures.
Protein Expression Studies
Western blotting using total WAT protein or nuclear extracts was performed
following the standard procedure using antibodies as described in the Supple-
mental Information.
In Situ Hybridization
Coronal brain sections through arcuate nucleus were processed for highly
sensitive non-radioactive colorimetric ISH using an antisensemouse pro-opio-
melanocortin cDNA as a probe (Genebank: NM_008895.3, nucleotides +29
to +944) (McGill et al., 2006). A sense NPY probe was used as a negative
control (http://mouse.brain-map.org/gene/show/73806). Image quantification
was performed using the Celldetekt and ImageJ software (Carson et al., 2005).
Immunohistochemistry
IHC was performed as described (Fukuda et al., 2011). Coronal brain sections
placed on slides were incubated with an anti-pSTAT3 antibody (Cell Signaling)
overnight, washed in PBS, and incubated with a biotinylated anti-rabbit anti-
body (Vector Laboratories). Slides were then treated with ABC solution (Vector
Laboratories) followed by treatment with ImmPACT DAB (Vector Labora-
tories). The images obtained were analyzed using the Celldetekt and ImageJ
software (Carson et al., 2005).
Intraperitoneal Injection of Leptin
Single-housed control or jet-lagged male mice were used for intraperitoneal
injection of saline or recombinant mouse Leptin. Detailed procedure is
described in the Supplemental Experimental Procedures.
Statistical Analysis
Statistical significance was assessed by Student’s two-tailed t test. Values
were considered statistically significant at p < 0.05.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and seven figures and can be found with this article online at http://dx.doi.
org/10.1016/j.cmet.2015.06.005.
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